Versican expression promotes tumor growth by destabilizing focal cell contacts, thus impeding cell adhesion and facilitating cell migration. It not only presents or recruits molecules to the cell surface, but also modulates gene expression levels and coordinates complex signal pathways. Previously, we suggested that the interaction between versican and human epidermal growth factor receptors may be directly associated with tumor aggressiveness. Thus, the expression of EGFR and HER-2 in these neoplasms may contribute to a better understanding of the progression mechanisms in malignant mammary tumors. The purpose of this study was to correlate the gene and protein expressions of EGFR and HER2 by RNA In Situ Hybridization (ISH) and immunohistochemistry (IHC), respectively, and their relationship with the versican expression in carcinomas in mixed tumors and carcinosarcomas of the canine mammary gland. The results revealed that EGFR mRNA expression showed a significant difference between in situ and invasive carcinomatous areas in low and high versican expression groups. Identical results were observed in HER-2 mRNA expression. In immunohistochemistry analysis, neoplasms with low versican expression showed greater EGFR immunostaining in the in situ areas than in invasive areas, even as the group presenting high versican expression displayed greater EGFR and HER-2 staining in in situ areas. Significant EGFR and HER-2 mRNA and protein expressions in in situ carcinomatous sites relative to invasive areas suggest that these molecules play a role during the early stages of tumor progression.
Introduction
The tumor microenvironment not only responds to tumor epithelial cells and supports carcinogenesis, but actively contributes to tumor progression and metastasis [1] . In a recent review, Theocharis et al. identify a direct relationship between growth factor-mediated signaling and modulating extracellular matrix (ECM) components [2] . Also, some data have shown that human epidermal growth factor receptor, a family of tyrosine kinase receptors, expressed in normal tissues and in many types of cancer in humans [3] and canines [4, 5] and its downstream pathway regulates migration and tumor invasion by ECM components [6] .
Versican, an ECM component, is a member of the large aggregating chondroitin sulfate proteoglycan (CSPG) family and has been implicated in tumor progression [7] . Versican expression promotes tumor growth by destabilizing focal cell contacts, thus impeding cell adhesion [8] and facilitating cell migration. It has been shown that the C-terminal domain of versican modulates epidermal growth factor receptors type 1 (EGFR) and β1-integrin linkage. Together, these molecules regulate cell proliferation [9] and migration of neoplastic cells in the stroma [10] [11] [12] . Conversely, V3 versican isoform directly or indirectly interferes with the interaction of the heterodimer between EGFR and epidermal growth factor receptors type 2 (HER-2) in MeWo melanoma cells. This phenomenon alters the ERK1/2 and p38 MAPK signalling pathways and regulates cell proliferation and migration [10] . It seems that versican not only presents or recruits molecules to the cell surface, but also modulates gene expression levels and coordinates complex signal pathways [13] .
We previously observed that members of the human epidermal growth factor receptor family, which are cell surface receptors, display a higher expression in aggressive tumors (carcinosarcoma) that overexpress versican in the stroma adjacent to the invasive areas, suggesting that the interaction between versican and these receptors may be directly associated with tumor aggressiveness [14] . Thus, the expression of EGFR and HER-2 mRNA in these neoplasms may contribute to a better understanding of the progression mechanisms in malignant mammary tumors.
In small animal clinical practice, matrix-producing mammary tumors are common and they are characterized by epithelial, myoepithelial, and mesenchymal proliferation [4, 15, 16] . Formerly known as malignant mixed tumors, carcinomas in mixed tumors (CMT) and carcinosarcomas [17] can arise from the malignant transformation of the components of benign mixed tumors [4, 16, 17] . Some authors have used the term "metaplastic carcinoma" to refer to canine carcinomas in mixed tumors and carcinosarcomas [18] [19] [20] . Morphologically, these histological types are similar to metaplastic carcinomas in women and suggest that they could serve as research models for tumor progression [4, 15] . Molecular changes regarding the process of neoplastic progression of these tumors still remain unclear.
Thus, the purpose of this study was to investigate gene and protein expressions of EGFR and HER2 and their relationship with the versican expression in CMTs and CSs of the canine mammary gland.
Materials and Methods

Selection of cases
Fifteen and eight samples of CMTs and CSs, respectively, were selected at the Comparative Pathology Laboratory (Universidade Federal de Minas Gerais) and Veterinary Pathology Laboratory (Universidade Federal da Bahia). Samples of mammary tumors were obtained from female dogs of any breed or age, intact or spayed. The animals were admitted to the Veterinary Hospital of the Universidade Federal de Minas Gerais (UFMG) and Veterinary Hospital of the Universidade Federal da Bahia (UFBA) and were subjected to mastectomy with or without adjuvant treatment, between 2005 and 2012. Before surgery, all animals had complete clinical examinations that included hematology and serum biochemistry. Moreover, the dogs underwent thoracic radiography to rule out distant metastasis at the time of diagnosis.
Anatomopathological study
Clinical staging was conducted based on tumor size (T), neoplastic involvement of regional lymph nodes (N), and presence of distant metastases (M) according to the Tumor-NodeMetastasis (TNM) staging system established by the World Health Organization for canine mammary tumors (modified from [21] ). These data were collected from the clinical, radiological, and pathological records of each animal.
Four-micrometer histological sections were prepared from selected blocks and stained using the hematoxylin-eosin method. The histological type was confirmed according to the standards proposed by World Health Organization [22] and the Consensus for the Diagnosis, Prognosis, and Treatment of Canine Mammary Tumors [23] . Malignant invasive epithelial components in CMTs and CSs were graded according to the Nottingham System [24] , which included tubule formation, nuclear pleomorphism, and mitotic index.
The in situ areas were defined by observing epithelial cells in a tubular arrangement with the myoepithelial cell layer and basal membrane integrity shown by HE [23] .
Immunohistochemistry
The primary antibodies used in the immunohistochemical analysis were versican (1:50, clone 12C5, DSHB, Iowa, USA), EGFR (1:100, clone 31G7, Invitrogen, California, USA), and HER-2 (1:200, polyclonal, Dako, Glostrup, Denmark).
For this technique, 3-μm sections were cut from one representative block of each case and collected on gelatinised slides. Tissue sections were deparaffinized, rehydrated in a graded ethanol series, and subjected to heat-induced antigen retrieval (water bath at 98°C for 20 minutes) with a target retrieval solution (DAKO) at pH 6.0, except for the slides intended for versican and EGFR staining. For versican, enzymatic recovery was performed using 0.5 U/ml chondroitinase ABC (Proteus vulgaris; Sigma Chemicals) in 0.25 M Tris buffer (pH 8.0) with 0.18 M sodium chloride and 0.05% bovine serum albumin (BSA) at 37°C for 1 hour and 30 minutes. A 0.25 M Tris buffer solution (pH 8.0) with 0.1 M 6-amino-n-caproic acid and 5 mM benzamidine hydrochloride was used for 30 minutes to inhibit protease activity (adapted from [25] ). Enzymatic recovery of EGFR was performed using HCl-diluted pepsin at 37°C for 30 minutes. All of the slides were incubated for 15 minutes in 3% hydrogen peroxide in methanol to block endogenous peroxidase activity. Subsequently, the slides were covered with 10% normal rabbit serum in phosphate buffered saline (PBS) for 10 minutes and then incubated with the primary antibody overnight at 4°C (versican, EGFR and HER-2). Next, polymerization was applied, with identification based on secondary antibodies (ADVANCE HRP-ready to use-DakoCytomation). Diaminobenzidine was used as the chromogen, and the sections were counterstained with Mayer's hematoxylin, hydrated, and mounted in a synthetic medium.
Negative controls were prepared by replacing the primary antibody with normal serum. Canine mammary tumors previously known to express HER-2 and tissue with abundant myxoid matrix expressing versican were used as positive controls. Skin was used as positive controls for EGFR.
Immunohistochemical evaluation
Versican expression in the stroma of adjacent areas to normal mammary gland and benign epithelial, malignant in situ, and invasive epithelial proliferation was assessed by the semiquantitative scoring system proposed by Skandalis et al. [26] and Damasceno et al. [16] , which includes (i) the overall percentage of positively stained tissue (0-100%) and (ii) staining intensity for proteoglycan using the following scales: (1) negative or very weak staining, (2) weak positive staining, (3) moderately positive staining, and (4) strongly positive staining. The versican expression level was then calculated by the product of the percentage (i; 0-100%) of positive staining and the intensity of the staining (ii; 1-4). Based on the final results of this evaluation, a median versican expression score was obtained for the CMT and CS (median = 240) invasive areas. Thus, two distinct groups were determined for each histological type: group 1 (G1) was represented by cases with values below the median and considered to have low versican expression, and group 2 (G2) was represented by cases with values equal to and above the median and considered to have versican overexpression [16] .
EGFR and HER-2 expression was assessed in epithelial tumor cells using the scores defined according to the consensus of the American Society of Clinical Oncology and College of American Pathologists (ASCO/CAP; Wolff et al. [27] ) and adapted from Bertagnolli et al. [4] as follows: (-), no staining; (1+), weak incomplete membrane staining in more than 10% of tumor cells; (2+), incomplete and/or weak-to-moderate membrane staining in more than 10% of tumor cells or complete and strong staining in less than 10% of tumor cells; and (3+), complete and strong staining in at least 10% tumor cells.
Only epithelial components and adjacent stroma were evaluated in this study. At least five fields for each of the normal epithelial cells, in situ, and invasive carcinomatous proliferation in CMTs and CSs were analyzed.
RNA in situ hybridization method RNA in situ hybridization method was performed as previously described with minor modifications [28] . The RNAscope (Advanced Cell Diagnostics, Inc., Hayward, California) approach was used in archival formalin-fixed, paraffin-embedded (FFPE) tissue to view EGFR and HER-2 mRNA in individual cells through a probe design strategy and hybridization-based on a signal amplification system to amplify signals and suppress background (EGFR: the reference sequence, XM_533073.4; probe region, 725-1660; HER-2: the reference sequence, NM_001003217.1; probe region, 1585-2823).
FFPE tissues sections four micrometers thick was deparaffinized in xylene, followed by dehydration in an ethanol series. Then, tissue sections was incubated in a pre-treatment buffer maintained at a boiling temperature (100°C to 104°C) using a hot plate for 15 minutes, rinsed in deionized water, and immediately treated with a solution of pre-treatment 3, which consists of a protease enzyme at 40°C for 30 minutes in a HybEZ hybridization oven (Advanced Cell Diagnostics, Inc., Hayward, California). Thus, the tissue was able to be incubated with the target probes that lasted for 2 hours at 40°C in a HybEZ hybridization oven (Advanced Cell Diagnostics, Inc., Hayward, California). After each hybridization step, slides were washed with wash buffer two times at room temperature. Preamplifier and amplifier molecules was hybridized in each probe pairs. Chromogenic detection was performed using diaminobenzidine (DAB), followed by counterstaining with Gill´s hematoxylin.
Assays using archival FFPE specimens were typically performed in parallel with positive and negative controls to ensure interpretable results. The endogenous housekeeping gene was used as a positive control to assess both tissue RNA integrity and assay procedure, and a negative control was used to assess background signals. 
Statistical analysis
Statistical analyses were performed using the Graph Pad Prism v.5 software (San Diego, CA). The difference in versican, EGFR, HER-2, and mRNA expression between in situ and invasive areas was assessed using the Wilcoxon signed-rank test, and a Mann-Whitney U test (nonparametric data) was used to assess whether the receptor expression differed between groups (with high and low versican expression). The data were also subjected to Spearman's rank correlation coefficients. The values were considered significant when p<0.05.
Ethical aspects
All procedures were performed under the guidelines and with the approval of the Ethics Committee in Animal Experimentation (CETEA/UFMG), protocol 0053/11.
Results
Versican expression in peritumoral stroma
Female dogs classified in low and high versican expression groups presented a mean age of 8.6 years (ranging from 6 to 14 years) and 10.23 years (ranging from 5 to 15 years), respectively. The clinicopathological characteristics of the versican expression groups are listed in Table 1 . Proteoglycan versican immunoreactivity in areas adjacent to the in situ carcinomatous regions was less intense (median, 150.0) as compared to the areas adjacent to the invasive regions (median, 240.0).
To define the high-and low-dividing versican expression median cut-off, we determined the versican expression at the stromal site adjacent to invasive areas in histological types (CMT and CS). First, group 1 (G1) (low versican expression) and group 2 (G2) (high versican expression) were defined.
Differences between the versican expression groups were evaluated and showed that the adjacent stroma in in situ carcinomatous areas revealed a lower versican expression in relation to the invasive areas in both G1 (P = 0.0078) and G2 (P = 0.0010) (Fig 1) .
EGFR and HER-2 mRNA expression in carcinomatous areas
RNA-ISH was conducted in 23 cases, 15 CMTs and 8 CSs. No unspecific background staining was observed in any case. Nuclear dot-like staining was ignored for the final study as described by the manufacturer's protocol.
Neoplasms showed different intensity levels as illustrated in Table 2 . Normal mammary cells in the rest of the breast tissue were negative. In situ carcinomatous areas displayed scores 1 and 2 by EGFR mRNA expression analysis (both representing 33.33%) and score 1 by HER-2 mRNA staining (38.89%) in the majority of cases. Most of the invasive carcinomatous cells presented score 1 for EGFR and HER-2 mRNA expression (50% and 65% respectively) ( Table 2) .
ISH evaluation of EGFR mRNA expression showed a significant difference between in situ and invasive carcinomatous areas in both groups (low and high versican expression), the first showing more dots than the last (P = 0.0156 and P = 0.0078, respectively) ( Figs 2A, 2B and 3) . The same results were observed in HER-2 mRNA expression, in which in situ areas showed higher staining than invasive areas in both groups (P = 0.0313 and P = 0.0156, respectively) ( Figs 2C, 2D and 4) . No statistical difference was observed between low and high versican expression groups.
The EGFR mRNA in in situ areas showed a relationship with histological grade (P = 0.0025, r = 0.432). In addition, pulmonary metastasis presented a positive correlation with EGFR mRNA expression in the invasive carcinomatous areas (P = 0.047, r = 0.375). Correlations were also observed between HER-2 mRNA expression and lymph node metastasis in the in situ carcinomatous areas (P<0.0001, r = 0.381) and invasive carcinomatous areas (P = 0.017, r = 0.504).
Expression of EGFR and HER-2 in carcinomatous areas
The in situ and invasive carcinomatous areas of neoplasms (CMTs and CSs) were analyzed individually. In situ carcinomatous cells displayed strong membrane EGFR expression (score 3 +) (66.67%) and moderate membrane HER-2 expression (65%). Few cases (4.35% in both) exhibited strong membrane EGFR and HER-2 immunoreactivities (Table 2) .
Neoplasms with low versican expression showed greater EGFR immunostaining in the in situ areas than in invasive areas (P = 0.0078), even as the group presenting high versican expression displayed greater EGFR (P = 0.001) and HER-2 (P = 0.0039) staining in the in situ areas (Fig 5) .
Discussion
The search for new biomarkers and more effective therapeutic targets in cancer treatment warrants the interest in versican and its role in tumor progression. A better understanding of the relationship between versican and cell surface receptors in spontaneous tumors in canine mammary glands may contribute to identifying new tumor progression markers.
We have previously shown an increased versican expression in stroma adjacent to invasive areas in canine carcinomas in mixed mammary gland tumors [16] . These results suggested that other cell factors might be involved in activating this molecule and led us to investigate the interaction mechanisms between stromal versican and cell surface receptors in spontaneous mammary tumors in dogs. Previously, we evaluated the expression of tyrosine kinase receptors such as EGFR and HER-2 in benign mixed tumors, carcinomas in mixed tumors, and carcinosarcomas. Our results indicated that CSs exhibited a higher expression of HER-2, but not EGFR, in epithelial invasive cells in cases with a higher stromal versican expression. Here, we applied the ISH technique to determine whether mRNA transcripts of EGFR and HER-2 oncogene in canine CMTs and CSs correlate with protein expression. Versican coordinates complex signal pathways by interaction with EGF receptor. It had been demonstrated that overexpression of versican by G3 domain-containing EGF-like motifs enhanced breast cancer self-renewal through EGFR/AKT/GSK3β signaling, and increased resistance to chemotherapy [29] . However, different versican isoforms trigger different responses in cancer cells [30] . V2 isoform expression can inhibit tumor cell proliferation and metastasis through EMT modulation and by down-regulating EGFR signaling through ERK/GSK3β pathways [31, 32] . Other isoform of versican V3 can also regulate cell proliferation and migration by altering signaling pathways by interferring with CD44 and dimer EGFR/HER-2 [10] .
Both the high and low versican expression groups presented higher EGFR and HER-2 mRNA expression in in situ relative to invasive carcinomatous cells. Although, a difference HER-2 and EGFR mRNA Expression and Versican between the groups was not observed, the interaction between cell surface receptors and versican cannot be discarded. Previous findings showing the relationship between HER-2 and versican expression in carcinomas in mixed tumors and carcinosarcomas support this hypothesis [16] . We suggest that overexpression of versican in peritumoral stroma can trigger signaling pathways, which would inhibit the transcription and translation of these receptors. However, the specific mechanisms by which this inhibition occurs remains unknown.
The mRNA expression of both EGFR and HER-2 receptors seems to be more intense in in situ carcinomatous areas than in invasive areas at the evaluated histologic types. The EGFR and HER-2 protein expression also showed an increased expression in in situ carcinomatous areas. Aguiar et al. demonstrated a similar distribution of EGFR and HER-2 expression between in situ and invasive carcinomas in human breast cancer [33] . Our findings support the participation of these molecules in early events in tumor progression.
Protein quantitation is the main target for detecting membrane receptor gene expression levels, but when immunohistochemistry shows background or the determination is complicated or not definitive, RNA detection is a good alternative [34] . Similar to mRNA results, immunohistochemical analysis revealed that EGFR and HER-2 were also overexpressed in in situ relative to invasive areas. These findings corroborate with previously described data [14, 27, [35] [36] [37] .
Studies on tyrosine kinase mRNA expression in breast cancer have suggested both correlation and divergence between gene and protein expressions [38] [39] [40] [41] . Divergence between molecules transcription and the translated proteins has already been described in breast cancer [40, 41] . Reis-Filho et al. demonstrated that most human metaplastic breast carcinomas, a histological subtype that presents histological similarities to canine mixed tumors, also overexpressed EGFR without gene amplification [41] and speculated that it might only reflect the maintenance of the basal-like/myoepithelial phenotype of these lesions. Viale et al., in a large randomized multicenter trial, showed lower concordance rates of protein and mRNA HER-2 assessments [42] . The analysis indicates that tumor heterogeneity and extent of DCIS and normal tissue components are not the likely causes of any differences between mRNA and protein assessment. In this study, no correlation was observed between EGFR and HER-2 mRNA and proteins expression evaluated in immunohistochemistry. Öztürk et al. described that, in IHC HER-2 positive but ISH negative samples, the negativity could be explained by mRNA loss during fixation procedures [40] . However, there is a possibility that tumor cells slightly overproduce HER-2 protein without any observed increase in mRNA or DNA amplification. Furthermore, in the case where the mRNA and IHC signals are respectively positive and negativity, the oncoprotein might not be localized in the plasma membrane even though HER-2 mRNA is overexpressed. In this study, we observed positive cytoplasmic staining in some tumor samples, but they were not considered as immuno-reactive because they did not demonstrate a distinct membrane staining. Comparative studies with a larger number of samples aimed at determining the association or relationship of cytoplasmic immunoreactivity and mRNA, and their distribution in tumor cells, will provide additional information and clarity on these issues.
Significant EGFR and HER-2 mRNA, and protein expression in in situ carcinomatous sites relative to invasive areas suggest these molecules play a role during the early stages of tumor HER-2 and EGFR mRNA Expression and Versican progression. However, further studies are needed to explain the biological differences that we observed from immunohistochemistry and in situ hybridization analysis. In addition, mRNA and versican expression do not correlate with each other. It is possible that other activation and signaling pathways are triggered by the interaction between versican in the extracellular matrix and neoplastic cells.
